We demonstrate in a simple model the surprising result that turning on an on-site Coulomb interaction U in a doped band insulator leads to the formation of a half-metallic state. In the undoped system, we show that increasing U leads to a first order transition between a paramagnetic, band insulator and an antiferomagnetic Mott insulator at a finite value UAF . Upon doping, the system exhibits half metallic ferrimagnetism over a wide range of doping and interaction strengths on either side of UAF . Our results, based on dynamical mean field theory, suggest a novel route to half-metallic behavior and provide motivation for experiments on new materials for spintronics.
We demonstrate in a simple model the surprising result that turning on an on-site Coulomb interaction U in a doped band insulator leads to the formation of a half-metallic state. In the undoped system, we show that increasing U leads to a first order transition between a paramagnetic, band insulator and an antiferomagnetic Mott insulator at a finite value UAF . Upon doping, the system exhibits half metallic ferrimagnetism over a wide range of doping and interaction strengths on either side of UAF . Our results, based on dynamical mean field theory, suggest a novel route to half-metallic behavior and provide motivation for experiments on new materials for spintronics. Turning on strong electron correlations in a normal metallic system is generally believed to result in interesting phases like anti-ferromagnetic Mott Insulator, high T c superconductor, pseudogap phase and non fermi-liquid phases. But the effect of e-e interactions in a band insulator have not been explored in detail so far. In this paper we study effects of onsite interaction U on a band insulator and present a novel interaction driven route to half-metal phase. We show that doping a correlated band insulator results in the formation of half-metallic (HM) ferrimagnet. HMs are an interesting class of materials in which electrons with one spin direction behave as in a metal and electrons with the opposite spin direction behave as in an insulator, and have applications in spintronics as they can generate spin-polarized currents [1] .
Specifically, in this paper we study a simple tightbinding model with two bands, arising from a staggered potential ∆ on the sites of a bipartite lattice, in the presence of an on-site Coulomb repulsion, the Hubbard U . At half filling, when one band is filled and the other is empty, this system is a paramagnetic band insulator (BI). When U is turned on, as we show, an anti-ferromagnetic (AFM) order sets in with a first order phase transition at some threshold U = U AF . Upon doping, this system becomes a ferrimagnetic HM over a range of doping and U values.
Intuitively the formation of a HM upon doping can be understood as follows. Due to the staggered potential, the band gaps for the two spin components in the antiferromagnetic insulator (AFMI) phase are different, e.g. Eg ↓ < Eg ↑ . On hole doping, in a rigid band picture, one would expect that it will be energetically favourable to put all the holes in the down spin band. This will make the down spin band conducting while the up-spin will remain insulating, resulting in a HM phase. Similarly for U < U AF , consider the BI in presence of a small staggered magnetic field h → 0 such that the band gap in the (1) obtained within DMFT for the Bethe lattice of infinite connectivity. Circles show the data points and the lines are guides to the eye. At half filling, the system is a band insulator at weak U and becomes an AFMI with a first order phase transition at UAF . Upon doping, it becomes a ferrimagnetic half-metal (HM) over a large range of doping and U values.
single particle excitation spectrum of the two spin components is different, being Eg ↑ = Eg + h and Eg ↓ = Eg − h. Following the argument mentioned above, doping this BI with holes of density x will result in the formation of a HM with a net moment ∼ x which, due to a molecular field arising from U, will self consistently cause the staggered magnetisation to be non zero. The simple rigid band picture used in this argument will hold only for small doping and weak coupling regime. The question of interest is whether the HM phase exists on finite amount of doping at intermediate and large U values. In this paper we show that it is possible to get the HM phase for a finite doping over a range of U values as shown in the phase diagram of Fig. 1 . In the HM phase, there occurs a full redistribution of the degrees of freedom as compared to the half filled case as shown in detail in later sections. The HM phase survives for the widest range of doping in the intermediate coupling regime where U ∼ 2∆.
The model we consider has tight-binding electrons moving on a bipartite lattice (sub-lattices A and B) described by
where t is the nearest neighbor hopping, U the Hubbard repulsion and ∆ a staggered one-body potential which doubles the unit cell. The chemical potential µ is fixed so that the average occupancy is ( n A + n B ) /2 = n = 1−x. The Hamiltonian (1) is sometimes called the "ionic Hubbard model" (IHM) with ∆ the "ionic" potential. In an earlier work, using a dynamical mean field theory (DMFT) approach employing iterated perturbation theory (IPT) as the impurity solver, we studied this model at half filling in the spin-symmetric case and showed how strong correlations dynamically close the gap in a band insulator resulting in an intermediate metallic phase [2] . This result was reproduced qualitatively by many other groups [3] . Here we study this model using the same DMFT approach in the spin asymmetric case [4] . Once we allow for the magnetic order, the system at half-filling undergoes a first order phase transition from a PM BI to AFMI (see Fig. 3 ). In the spin asymmetric phase there are some earlier works at half filling [5] and for the doped case [6] but to the best of our knowledge the existence of a HM phase has not been suggested so far.
The DMFT approximation is exact in the limit of large dimensionality [7, 8] and has been demonstrated to be quite successful in understanding the metal-insulator transition [7, 8] in the usual Hubbard model, which is the ∆ = 0 limit of eq. (1). We focus in this paper on the anti-ferromagnetic sector of eq. (1), for which it is convenient to introduce the matrix Green's function
where α, β are sub-lattice (A, B) indices, σ is the spin index, k belongs to the first Brillouin Zone (BZ) of one sub-lattice, iω n = (2n + 1)πT and T is the temperature. The kinetic energy is described by the dispersion ǫ k and ζ A(B)σ ≡ iω n ∓ ∆ + µ − Σ A(B)σ (iω n ). Within the DMFT approach the self energy is purely local [7] . Thus the diagonal self-energies Σ ασ (iω n ) are k-independent and the off-diagonal self-energies vanish (since the latter would couple the A and B sub-lattices). The DMFT approach includes local quantum fluctuations by mapping [7, 8] the lattice problem onto a single-site or "impurity" with local interaction U hybridizing with a selfconsistently determined bath as follows. (i) We start with a guess for Σ ασ (iω n ), n ασ , and compute the local
(3) with α = A(B),σ =↑, ↓ andᾱ = B(A) with ρ 0 (ǫ) is the bare DOS for the lattice considered (see below). (ii) We next determine the "host Green's function" [7, 8] 
We solve the impurity problem to obtain Σ ασ (iω n ) = Σ ασ [G 0ασ (iω n )] (iv) We iterate steps (i), (ii) and (iii) till a self-consistent solution is obtained. We use as our "impurity solver" in step (iii) a generalization of the iterated perturbation theory (IPT) [7, 9] scheme which has the merit of giving semi-analytical results directly in the real frequency domain.
For simplicity, here we present the results for the T = 0 solution of DMFT equations on a Bethe lattice of connectivity z → ∞. The hopping amplitude is rescaled as t → t/ √ z to get a non-trivial limit and the bare DOS is then given by ρ 0 (ǫ) = √ 4t 2 − ǫ 2 /(2πt 2 ) which greatly simplifies the integral in eq. (3). The phase diagram in Fig. 1 has been obtained from an analysis of various physical quantities which we describe in detail below. We believe that the results obtained will be qualitatively similar in case of other generic compact DOS. In the discussion below, first we describe the detailed results for the halffilled case followed by the results for the doped case. Staggered occupancy, i.e., the difference in the filling factor of the two sublattices δn plotted as a function of U/t at halffilling. δn is non zero for all values of U/t. For U < UAF , δn decreases monotonically and a discontinuity occurs in δn at UAF .
Half-Filling:
The left panel of Fig. 2 shows our results for the staggered magnetization m s , defined as m s = (m zB − m zA )/2 where m zα = n ↑α − n ↓α is the sublattice magnetization. For a given value of ∆, there exists a threshold value U AF at which the staggered magnetisation turns on with a jump resulting in a first order phase transition. Due to the presence of the staggered potential, the AFM instability does not occur at arbitrarily small U , and a finite value of U is required to turn on the magnetisation. Both U AF and the jump in m s at U AF are increasing functions of ∆. Note that since at half filling n Aσ + n Bσ = 1, the uniform magnetisation m F = n ↑ − n ↓ = (m zA + m zB )/2 = 0 in the half filled case. The right panel of Fig. 2 shows the staggered occupancy, i.e., the difference in the filling factor of the two sublattices, defined as δn = (n B − n A )/2. Due to the staggered on site potential, δn is always non zero, even though the Hubbard U tries to suppress it. δn decreases monotonically as a function of U . At U AF , δn also shows a discontinuity. Spin-resolved spectral gaps E g↑ and E g↓ plotted as a function of U/t for ∆ = 1.0t at half-filling. For U < UAF , in the BI phase, E g↑ = E g↓ and the gaps decrease with increasing U/t. At U = UAF , there occurs a jump separating the two gaps such that E g↓ < E g↑ . For U > UHM , in the AFMI phase, both the gaps increase with increasing U/t. Right panel: T = 0 phase diagram at half-filling. For U < UAF , the system is a PM BI. At UAF , a first order transition occurs with the onset of an AFM order. A HM AFM point is seen at U = UHM > UAF . For all U > UHM , the system is an AFMI.
Next we discuss the single particle DOS ρ α,σ (ω) = − k ImĜ ασ (k, ω + )/π where α represents the sublattice A, B and σ is the spin. The spectral gap E gσ in the single particle DOS ρ σ (ω) is shown in Fig. 3 . For U < U AF , the spectral gap is same for both the spin components due to the spin symmetry of the paramagnetic BI phase and E gσ reduces with increase in U/t. This is because the Hubbard U suppresses the effect of the staggered potential ∆, which is responsible for a nonzero gap in the BI phase. At U = U AF , there occurs a jump separating the spectral gaps such that E g↓ < E g↑ . For U > U AF , E g↓ keeps decreasing with increase in U/t and vanishes at U HM > U AF , while E g↑ starts increasing with increase in U/t and stays non zero at U HM . Thus at half-filling we have an HM AFM point at U = U HM , details of which will be published elsewhere [10] . For U > U HM , the system is an AFMI in which both the gaps increase with increase in U . The phase diagram on the basis of above analysis is shown in the right panel of Fig. 3 . Note that the spectral gaps are different for the up and down spin components (which is a key feature to get the HM phase) in this model because of the presence of the staggered potential ∆. In the next section we discuss the formation of the Ferrimagnetic HM in the doped case. Doped Case: The phase diagram (Fig. 1 ) in the doped case has a broad Ferrimagnetic HM phase for U 1 < U < U 2 . Below we discuss our results in detail explaining how we determine U 1 and U 2 from an analysis of the single particle DOS and the magnetic properties.
Single particle DOS in the doped case: Fig. 4 shows the single particle DOS ρ σ (ω) = ρ A,σ (ω)+ ρ B,σ (ω) for both the spin components where ω is measured from the chemical potential µ. For U < U 1 , the DOS for both the spin components is same. In this regime the system is a PM metal since the chemical potential lies inside the lower band for both the spin components ( Fig. [4a] ). For U > U 1 , magnetic order sets in making the two gaps and the DOS different for the two spin components (Fig.  [4b,4c] ). The Fermi level lies inside the lower band for the down-spin component making ρ ↓ (ω = 0) = 0 while the up-spin DOS ρ ↑ (ω = 0) = 0 as shown in Fig. 5 ; hence the system is a HM. For U > U 2 , the Fermi level lies inside the lower band for both the spin components. This makes both the spin components conducting, with equal density of up and down spins, and the system becomes a paramagnetic metal (Fig. [4d] ). Note that there is still a small band gap (at energies higher then µ). At even larger values of U , this gap will open up again separating the lower and the upper Hubbard band with the chemical potential being inside the lower Hubbard band.
Magnetisation:
The curves for U 1 and U 2 in Fig. 1 are consistent with the magnetic properties as well which are shown in Fig. 6 . For small U values, magnetic order is not favoured. As U increases, a first order transition occurs at U 1 when both the sublattices acquire non zero magnetisation m zA and m zB with a jump at U 1 . Since the system is doped, these magnetisations are not equal and opposite to each other. This results in a non-zero staggered magnetisation m s = (m zB − m zA )/2 as well as a non-zero uniform magnetisation m F = (m zA +m zB )/2. Within the HM phase m F and m s increase with increasing x. This is because, in the HM phase, the up-spin band is fully occupied implying n ↑ = 1/2 and all the holes are doped in the down-spin band making n ↓ = n − 1/2. Therefore, the uniform magnetisation m F , which can also be written as n ↑ − n ↓ , goes as 1 − n = x and is independent of the interaction strength U/t. This is in agreement with our results in Fig. 6 , within the numerical error-bars. The staggered magnetisation m s , however, increases with increasing U/t. At U 2 > U 1 there occurs another first order transition and the system becomes a paramagnetic metal with both m F = m s = 0 for U > U 2 .
It is interesting to compare our DMFT phase diagram with the phase diagram within Hartree-Fock (HF) theory, details of which will be published elsewhere [10] . One can get a HM phase within a HF theory, but it overestimates the tendency to the formation of the HM, and also predicts qualitatively wrong results. Within HF theory for all U > U 1 , the system is a HM, the reason being the lack of quantum fluctuations in the HF theory which are We note that, as shown in Fig. 7 , the HM phase gets wider with increase in the staggered potential ∆. This will be useful from the application point of view. One should look for correlated band insulators with large bare band gap, and an appropriately larger U, to get a robust HM phase.
Conclusions: In conclusion, we have studied a theoretical model in which e-e interactions in a doped band insulator give rise to HM ferrimagnetic phase. Specifically, we studied an extension of the Hubbard model which includes a staggered potential that makes the system a band insulator for U = 0 at half filling. As we turn on the on-site repulsion U , an AFM order sets in with a first order transition at some threshold value of U = U AF . The AFM phase has different spectral gaps for the two spin components and on doping away from half filling it becomes a HM ferrimagnet. In the doped system the HM phase survives for U < U AF as well. The width of the HM phase in x space is largest for U ∼ 2∆ and increases with increase in ∆.
We emphasize that the new mechanism for halfmetallicity described in our paper is quite distinct from the mechanisms in well-known materials that exhibit this phenomenon like the manganites, double-perovskites, or Heusler alloys, all of which have both local moments and itinerant electrons. Recently, there have been other theoretical discussions of half-metallic behavior as well [11] . However, in all of these works either the HM phase exists only for some special doping values or require an external electric or magnetic field. The HM phase we discuss exists for a broad range of doping and is not dependent on application of external fields.
Although our finding is based on the study of a specific model, we expect that for any system where the AFM phase at half filling has different spectral gaps for the two spin components and AFM order survives on doping, one should expect to see a HM phase. We hope that our study will motivate a search for materials along this direction and open up new possibilities in the area of spintronics.
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